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INTRODUCTION
Paragraph 1: Cystic fibrosis (CF) is a complex multiorgan genetic disease, expressed as a disruption in the CF transmembrane conductance regulator (CFTR) protein. In conjunction with its clinical presentation, reduced aerobic fitness (typically determined as maximal oxygen uptake (V̇O 2max )), is commonly observed in both adult (10) and paediatric patients (17) . Reduced aerobic fitness is of clinical relevance in patients with CF, given its association with longevity (25, 28) , quality of life (6) and risk of hospitalisation (26) . Key parameters of aerobic function (i.e., V̇O 2max , V̇O 2 gain, gas exchange threshold (GET), and V̇O 2 mean response time (MRT)) (37) have not, however, been comprehensively documented in CF.
Moreover, no previous studies have used a valid protocol (30) to obtain a 'true' measure of V̇O 2max in this population. Identifying the limiting factor(s) impairing aerobic function in CF will facilitate the development of more effective strategies to improve longevity and quality of life in this aging patient population.
Paragraph 2:
Because the body's upper limit for V̇O 2 use is determined by the maximal cardiac output (̇), arterial V̇O 2 content, fractional distribution of ̇ to the exercising muscles, and the ability of the skeletal muscle to extract O 2 (35) , simultaneous measurements at the central (cardiorespiratory) and peripheral (skeletal muscle) levels are required to understand the dynamic matching of O 2 delivery-to-O 2 utilisation during exercise. Previous studies in CF have, however, largely neglected this complex interaction and based inferences on investigations of isolated organ systems (e.g. 8, 16, 20) .
Paragraph 3:
As a result, debate remains regarding the relative importance of central and peripheral mechanisms to explain the reduced V̇O 2max in patients with mild-to-moderate CF. Expression of CFTR in the human skeletal muscle (19) suggests an intrinsic myocyte metabolic abnormality, which may be specific to CF (e.g. 7, 8) or a consequence of chronic respiratory disease (30, 36) . In addition, there is evidence to support a central limitation to exercise through a reduction in stroke volume (SV) (27) and, presumably, muscle O 2 delivery (29) , in pediatric patients with CF. Although a compensatory increase in muscle O 2 extraction may be expected to occur in the presence of reduced muscle O 2 delivery, this was not observed in a previous study (29) . However, further confirmation of this response is warranted because inferences at the skeletal muscle level were based upon indirect, interlinked mathematical calculations.
Paragraph 4:
To further understand how disease pathophysiology alters the O 2 delivery-to-O 2 utilisation relationship during exercise, near-infrared spectroscopy (NIRS) can provide valuable, non-invasive insight into peripheral O 2 extraction. Specifically, the profile of the deoxyhemoglobin ([HHb]) signal has been used to describe O 2 extraction dynamics during ramp exercise, which in turn permit inferences regarding blood flow within the microcirculation of exercising muscle (4, 9, 23, 24, 25) . Although the[HHb] profile during ramp exercise has been used to describe the effect of trained status (4, 21) and ageing (11, 21) , there are no data documenting the influence of disease on the [HHb] response to incremental exercise. If the supply of blood to the active muscle during exercise is impaired in CF, as would be indirectly inferred from previous reports of a reduced SV (27) , an increased rate of fractional O 2 extraction for a given V̇O 2 would be expected (9).
Paragraph 6:
The purpose of the present study was twofold; 1) to characterise the four key parameters of aerobic function in pediatric patients with mild-to-moderate CF and 2) to characterize the dynamic adjustment of NIRS-derived leg muscle [HHb] during ramp exercise. It was hypothesised that: 1) aerobic function would be impaired in CF, as evidenced by a reduced V̇O 2max , slower V̇O 2 MRT, earlier occurrence of the GET and shallower V̇O 2 gain and, furthermore, that 2) patients with CF would be characterized by more rapid [HHb] dynamics during ramp exercise (i.e., leftward shift), which will correlate with impaired parameters of aerobic function.
MATERIALS and METHODS
Paragraph 7: Study participants. Ten young patients (9 males (Table 1) ) with stable mildto-moderate CF disease (CF) regularly partaking in school and/or extracurricular physical activity were recruited from outpatient clinics at the Royal Devon and Exeter NHS Foundation Trust Hospital. CF inclusion and exclusion criteria are detailed elsewhere (30) .
Ten healthy age-and gender-matched control participants (CON) were recruited from the local area (Table 1) . Neither group presented with any contraindications to exhaustive exercise, and CON were free from any pulmonary conditions. Ethics approval was granted by the South West NHS Research Ethics Committee. Informed written consent and assent were obtained from parents/guardians and patients, respectively. Details concerning the CF patients' disease severity and clinical profile were obtained by their clinician (Table 2 ). All CF maintenance medications were continued as usual throughout the study. were measured to the nearest 0.01 kg and 0.01 m, respectively. Pubertal maturity was determined using Tanner staging (34) . Skin folds measured to the nearest 1 mm on the righthand side of the body at the tricep and subscapula regions (Harpenden; British Indicators, Burgess Hill, UK) were used to estimate fat-free mass (FFM) (32) . Forced vital capacity (FVC) and forced expiratory volume in 1 s (FEV 1 ) were assessed using flow-volume loop spirometry (MicroMedical MicroLoop 3535, Numed, Sheffield, UK). The best of three consistent (< 5% variability) exhalations was documented and expressed as a percentage of predicted reference data (33). (11) . The GET in absolute terms and expressed as a percentage of V̇O 2max was non-invasively identified (1) and confirmed through visual identification of the ventilatory equivalents for V̇O 2 and carbon dioxide output (V̇CO 2 ). The V̇O 2 mean response time (MRT) was determined using the time from the onset of ramp exercise to the intersection point between baseline V̇O 2 and a backward extrapolation of the slope of V̇O 2 as a function of time (37) . Regression of the linear portion of the V̇O 2 response versus power output was used to determine the functional V̇O 2 gain (∆V̇O 2 /∆WR). Equation 1
was used to determine oxygen pulse (V̇O 2 /peak heart rate (HR peak )). Fingertip arterial oxygen saturation (SpO 2% ) was recorded via pulse oximetry (NONIN, Avant 4000, NONIN Medical Inc., USA). Subjective ratings of perceived exertion (RPE) and dyspnoea (RPD) were determined upon exhaustion using the pictorial children's effort rating table (P-CERT) and the 0-10 category ratio (CR-10) scale, respectively, the methodology for which is described elsewhere (30) . Table 1 presents participants' baseline physical characteristics, with Table 2 detailing the clinical profile of the patients with CF. Body mass index (BMI) was likely higher, whereas FEV 1 (% predicted) was likely lower in CF than CON. Pubertal maturity of both groups were as follows: pre-pubertal (n in CF = 3; n in CON = 1), circum-pubertal (n in CF = 7; n in CON = 8) and post-pubertal (n in CF = 0; n in CON = 1).
HHb modelling procedures

RESULTS
Paragraph 17:
Paragraph 18:
Maximal and submaximal CPET parameters are presented in Table 3 .
All participants completed CPET without any adverse events. Ramp PPO was possibly lower in CF and likely lower when expressed relative to body mass. As expected, CF presented with very likely reduced V̇O 2max , when normalized for both body mass and FFM.
Furthermore, the V̇O 2 gain was very likely lower and the V̇O 2 MRT was likely slowed in CF.
The RPD upon exhaustion was most likely higher in CF, respectively. Figure 1 )) increased in a nonlinear manner. This response was well characterized using a sigmoid function relative to WR and V̇O 2 in both groups in the current study, which is consistent with previous reports in children and young and old adults during ramp cycling exercise (4, 11, 21) . response was attributed to a higher oxidative capacity and/or altered muscle fiber distribution.
The rate of fractional oxygen extraction has been shown to be influenced by training status and enhanced O 2 delivery in trained versus untrained healthy girls (21) . Because V̇O 2max was meaningfully reduced in patients with CF in the present study, a more rapid increase in ∆[HHb] during ramp exercise would be expected. However, a previous study (11) (3, 16, 27) and an inability to augment SV during exercise (29) , which are likely to reduce central O 2 delivery, have previously been documented in patients with CF, and the most likely lower SpO 2% in the present study provides further support. Although it has been propositioned that patients with CF can achieve apparently "normal" cardiac output in the presence of reduced SV during exercise, through elevated HR (16, 20) , this compensation only seems viable at submaximal exercise intensities, as both CF and CON had similar HR responses at maximal exercise in the present study. In accordance with this findings, a reduced (approximately 24%) estimated SV (derived using respiratory mass spectroscopy) at maximal exercise in young patients with CF coupled with a similar HR response to healthy controls has previously been documented (29) .
Paragraph 29:
Although it has been hypothesized that patients limited by O 2 delivery during exercise would present with a compensatory increase in O 2 extraction at the local level (9), both this study and the previous study by Rosenthal et al. (9) , using respiratory mass spectroscopy, observed no augmentation of O 2 extraction in the face of inadequate O 2 delivery during exercise (29) . Although the previous authors could not determine the cause of this because no direct peripheral measurements were made, it was suggested that muscle metabolic issues resulting from chronic bronchial sepsis may contribute. Importantly, the 
Paragraph 32:
There are several limitations of NIRS, which must be acknowledged.
First, measurements are restricted to a specific area of interrogation over a, in this case, single heterogenous and superficial muscle, which may not represent whole body skeletal muscle blood flow responses. However, the muscle deoxygenation response measured in the superficial and deeper muscle fibres using NIRS has been shown to reflect muscle oxygenation as measured using phosphorous quenching derived microvascular O 2 partial pressure within the same region of muscle (18) . Although inter-site variation in the [HHb] response cannot be directly rectified, the device was secured to the same anatomical region for all participants to eradicate inter-individual regional differences within the m. vastus lateralis. Although the influence of adipose tissue at the area of interrogation was not directly determined, in line with recommendations, responses were standardized to the total [HHb] amplitude to provide a physiologic normalization (4) . Finally, the generalizability of these findings should be viewed in light of the small sample of Northern European patients with CF recruited for this study. Values are means ± SD, unless otherwise stated. CFTR, cystic fibrosis transmembrane conductance regulator; P. Aeruginosa; Pseudomonas Aeruginosa; Shwachman score -scoring 4 separate aspects of the disease profile; general activity; physical examination; nutritional status; and chest radiographic findings, using the most recent clinical review information. A total of 100 points represents a perfect score of health; IVABs, intravenous antibiotics; a According to Leeds Criteria, "chronic", >50% of the preceding 12 months were P. aeruginosa culture positive; "intermittent", ≤50% of the preceding 12 months were P. aeruginosa culture positive; "never", no growth of P. aeruginosa for the previous 12 months, having previously been P. aeruginosa culture positive; "free", P. aeruginosa has never been cultured. b Provides evidence of radiographic chest findings. Maximum score is 20, with 20 being the most severe. 
